The striatum is a brain area implicated in the pharmacological action of drugs of abuse. Adenosine A 2A receptors (A 2A Rs) are highly expressed in the striatum and mediate, at least in part, cocaine-induced psychomotor effects in vivo. Here we studied the synaptic mechanisms implicated in the pharmacological action of cocaine in the striatum and investigated the influence of A 2A Rs. We found that synaptic transmission was depressed in corticostriatal slices after perfusion with cocaine (10 mM). This effect was reduced by the A 2A R antagonist ZM241385 and almost abolished in striatal A 2A R-knockout mice (mice lacking A 2A Rs in striatal neurons, stA 2A RKO). The effect of cocaine on synaptic transmission was also prevented by the protein tyrosine phosphatases (PTPs) inhibitor sodium orthovanadate (Na 3 VO 4 ). In synaptosomes prepared from striatal slices, we found that the activity of striatal-enriched protein tyrosine phosphatase (STEP) was upregulated by cocaine, prevented by ZM241385, and absent in synaptosomes from stA 2A RKO. The role played by STEP in cocaine modulation of synaptic transmission was investigated in whole-cell voltage clamp recordings from medium spiny neurons of the striatum. We found that TAT-STEP, a peptide that renders STEP enzymatically inactive, prevented cocaine-induced reduction in AMPA-and NMDA-mediated excitatory post-synaptic currents, whereas the control peptide, TAT-myc, had no effect. These results demonstrate that striatal A 2A Rs modulate cocaine-induced synaptic depression in the striatum and highlight the potential role of PTPs and specifically STEP in the effects of cocaine.
INTRODUCTION
The study of the molecular mechanisms underlying the effects of drugs of abuse is an important research field in neuroscience. The involvement of the nucleus accumbens and ventral tegmental area in mediating the behavioral effect of drugs of abuse is well-known (Lüscher and Malenka, 2011) . In the last years, however, the role of the dorsal striatum has emerged (Gerdeman et al, 2003) and has been implicated in mediating some of the psychomotor effects of psychostimulant drugs (Rebec, 2006; Borgkvist and Fisone, 2007) .
Cocaine, a widely used substance of abuse, acts by blocking the dopamine transporter and thus elevating extracellular dopamine levels (Kuhar et al, 1991) . In addition, cocaine interacts directly with sodium channels, and thereby has an effect on firing activity independent of transmitter release (Kiyatkin and Rebec, 2000) . The pharmacological actions of cocaine also involve additional neurotransmitter systems. For example, acute cocaine administration inhibits the serotonin and noradrenaline membrane transporters, thus increasing their extracellular levels (Uhl et al, 2002) .
Cocaine increases cerebral extracellular levels of adenosine (Herrera-Marschitz et al, 1994; Fiorillo and Williams, 2000) , an endogenous purine nucleoside that modulates dopaminergic neurotransmission (Ferrè et al, 1997) . In particular, in the fetal brain, a direct correlation was shown between cocaine, adenosine increase, and adenosine A 2A receptor (A 2A R) stimulation (Kubrusly and Bhide, 2010) . Among the different adenosine receptors, the A 2A R subtype is highly expressed in the striatum, where it is involved in the locomotor, sensitizing, and rewarding properties of cocaine (Shen et al, 2008; Filip et al, 2006; Soria et al, 2006; Justinova et al, 2003; Chen et al, 2000) . However, the cellular and synaptic mechanisms through which A 2A Rs modulate cocaine effects are unknown. In the present study, we address this important issue by biochemical and electrophysiological experiments in mouse brain slices. As a role of protein tyrosine kinases (PTKs) in mediating cocaineinduced effects in basal ganglia has recently emerged (Schumann et al, 2009; Pascoli et al, 2011) , the possible involvement of protein tyrosine phosphatases (PTPs) was also investigated. In particular, we examine the role played by the striatal-enriched protein tyrosine phosphatase (STEP), a brain-specific phosphatase that is highly expressed in the striatum and that has been implicated in the pathophysiology of several neuropsychiatric diseases when present at inappropriate high levels .
MATERIALS AND METHODS

Chemicals
Cocaine (Istituto Superiore di Sanità drug of abuse depository), raclopride (Tocris, Bristol, UK), SCH23390 (Sigma-Aldrich, Milan, Italy), and sodium orthovanadate (Na 3 VO 4 , Sigma Chemical, St Louis, MO, USA) were dissolved in H 2 O, whereas ZM241385 and FK506 (Tocris) in 0.1% DMSO. PP2 (Alexis, Enzo Life Science, Farmingdale, NY, USA) was dissolved in 2.5% DMSO. We used the following antibodies: polyclonal anti-STEP (Cell Signaling Technology (Danvers, MA, USA), monoclonal anti-b actin (Calbiochem, EDM Chemical, Merck, Darmstadt, Germany), goat anti-GAPDH (Everest Biotech, Oxfordshire, UK), polyclonal anti-GluN2B phosphoTyr 1472 , and anti-GluN2B (Millipore Bioscience Research Reagent, Billerica, MA, USA) and peroxidase-conjugated goat anti-mouse and goat antirabbit (Bio-Rad, Hercules, CA, USA). Protein A/G PLUSagarose was from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Trysacryl-immobilized Protein A from Thermo Scientific (Waltham, MA, USA). Nitrocellulose was from Schleicher and Schuell Bioscience Inc. (Dassel, Germany) and p-nitrophenyl phosphate (p-NPP) from Sigma Chemical (St Louis, MO, USA). Complete protease inhibitor cocktail, EDTA-free, was from Roche Diagnostics (Basel, Switzerland).
The TAT-STEP46 was affinity purified as described by Paul et al (2007) ; it has a point mutation in its catalytic domain (C300S) that renders it enzymatically inactive, and thus acts as a substrate-trapping mutant. TAT-myc was obtained through the addition of a myelocytomatosis virus (myc) to the C-terminus of TAT and was used as control peptide (Paul et al, 2007) .
Animals
Male C57Bl/6 (3-4 months old, Harlan, Italy) and stA 2A RKO (and aged-matched wild-type) mice were used. To generate stA 2A RKO, the Cre-loxP strategy was used as previously described (Bastia et al, 2005; Shen et al, 2008) . The animals were kept under standardized temperature, humidity, and lighting conditions with free access to water and food. All procedures met the European guidelines for the care and use of laboratory animals (86/609/ECC) and those of the Italian Ministry of Health (DL 116/92).
Electrophysiology
Corticostriatal slices were prepared as previously described (Chiodi et al, 2012) . Briefly, mice were decapitated under ether anesthesia, coronal slices (300 mm) were cut with a vibratome, and incubated for 1 h in artificial cerebrospinal fluid (ACSF). Single slices were transferred to a submerged recording chamber and superfused with ACSF at 32-33 1C. Drugs were applied by bath perfusion with ACSF.
Extracellular field potentials (FPs) were recorded in the dorsomedial striatum with a glass microelectrode and evoked at the frequency of 0.05 Hz by stimulating the white matter with a bipolar platinum/iridium concentric electrode (FHC, Bowdoin, ME, USA). Signals were acquired with the DAM-80 AC differential amplifier (WPI Instruments, Sarasota, FL, USA) and analyzed with WinLTP software (Anderson and Collingridge, 2007) .
Whole-cell voltage-clamp recordings were made with borosilicate glass pipettes (4-6 MO), (WPI, Berlin, Germany) filled with (in mM) 125 Cs-methanesulfonate, 3 KCl, 4 NaCl, 1 MgCl2, 5 MgATP, 9 EGTA, 8 HEPES, 10 phosphocreatine (pH 7.2 with CsOH). AMPA-and NMDAmediated excitatory post-synaptic currents (AMPA-EPSC and NMDA-EPSC, respectively) were evoked by extracellular stimulation at the frequency of 0.05 Hz with a bipolar platinum/iridium concentric electrode (FHC) placed in the white matter. Signals were amplified with a PC-501A patch clamp amplifier (Warner Instrument Corp). Data were filtered at 1 kHz, digitized at 10 kHz, stored on a computer, and analyzed off-line using the WinWCP (Strathclyde Electrophysiology Software). Medium-sized spiny neurons (MSNs) in dorsomedial striatum were visualized using a Â 60 water-immersion objective and infrared differential interference optics video microscopy, and identified by small somata and basic membrane properties. Passive membrane properties of MSN were determined in voltage-clamp mode by applying a depolarized step voltage command (10 mV) and using the cell test function integrated in the WinWCP program. Series resistance, not compensated, was o20 MO and was checked periodically (changes 430% led to cell discard). For AMPA-EPSC, cells were clamped at À 70 mV in ACSF containing 10 mM bicuculline and 50 mM APV (to block GABA A and NMDA receptors, respectively), whereas for NMDA-EPSC cells were held at þ 40 mV in ACSF containing 10 mM bicuculline and 5mM NBQX (to block AMPA receptors). At the end of the experiments, slices were perfused with NBQX or APV to verify the specificity of the recorded currents. For both extracellular and patch-clamp recordings, three consecutive responses were averaged and at least 10 min of stable baseline recording preceded drug application. Mean basal amplitude was calculated from the 5 min immediately preceding drug application. Drug effects (average of the last 3 min of drug application) were expressed as percentage of basal.
Preparation of Striatal Synaptosomes
We made striatal slices by removing the cortex from corticostriatal slices and prepared a crude synaptosomal fraction as described previously (Huttner et al, 1983) . Briefly, the striata were homogenized in ice-cold buffer (in mM): 320 sucrose, 5 Hepes-NaOH, pH 7.4, 0.5 EDTA, 0.1 A 2A receptors modulate cocaine effects V Chiodi et al phenylmethylsulphonyl fluoride (PMSF), 1 Na 3 VO 4 , 10 NaF, and protease inhibitor mixture (Complete, Roche) using a Teflon-glass grinder. The homogenates were centrifuged at 800 g at 4 1C for 10 min, and the supernatants were collected and centrifuged at 9200 g for 15 min. Pellets were washed in homogenization buffer and centrifuged at 10 200 g for 15 min to obtain a crude synaptosomal fraction. We prepared samples for determination of STEP activity in the same buffer without phosphatase inhibitors. Protein content was determined using the bicinchoninic acid assay (BCA kit, Thermo Scientific). For western blot, samples were resolved on 10% SDS-PAGE, and proteins were transferred to nitrocellulose (Mallozzi et al, 2013) . The immunoreactive bands were detected by chemiluminescence coupled to peroxidase activity (ECL kit, Thermo Scientific) and quantified using a Bio-Rad ChemiDoc XRS system.
STEP Activity and Western Blot Analysis
PTP Activity
Total PTP activity was detected in striatal synaptosomes using p-NPP as substrate, according to the procedure described previously (Mallozzi et al, 1997) . Briefly, synaptosomes were suspended in assay buffer containing 15 mM p-NPP and incubated at 37 1C for 30 min. The reaction was stopped by the addition of 0.1 mM NaOH. Samples were centrifuged, and the release of p-nitrophenol from p-NPP was measured in the supernatant at 405 nm.
Statistical Analysis
All data were presented as means ± SEM Student's t-test was used for single comparisons. Differences among multiple groups were analyzed by one-way ANOVA (followed by the Bonferroni post hoc test) when the assumptions of normality and homogeneity of variance were met (by using the Kolmogorov-Smirnov test and Bartlett test, respectively) or, in the other cases, by the Kruskall-Wallis nonparametric analysis of variance (followed by Dunn's test for multiple comparisons). A p-value o0.05 indicated statistically significant differences.
RESULTS
Cocaine-Induced Inhibition of Synaptic Transmission is Mediated by A 2A Rs Expressed on Striatal Neurons
Corticostriatal slice perfusion with cocaine (10 mM, 20 min) transiently depressed synaptic transmission as shown by a reduction in the FP amplitude (83.13±1.24% of basal, Figures 1a and b) , an effect attenuated by the D2 receptor antagonist raclopride (10 mM, 93.23 ± 3.7% of basal po0.05 vs cocaine alone) but not by the D1 receptor antagonist SCH23390 (10 mM, 83.94 ± 0.71% of basal p40.05 vs cocaine alone) (Figure 1b) .
To verify whether the effect of cocaine was mediated by presynaptic mechanisms, we used a protocol of paired-pulse stimulation by delivering two stimuli (50 ms apart) that evoked two consecutive FPs, and the ratio between the amplitude of the second and the first FP was calculated. Cocaine induced a significant increase in paired-pulse ratio values (1.08 ± 0.03 and 1.23 ± 0.03 in basal condition and after cocaine, respectively, N ¼ 4, po0.05 paired Student's t-test, data not shown), suggesting that cocaine-induced reduction of synaptic transmission involves a presynaptic mechanism of action.
To investigate whether A 2A Rs contributed to the cocaineinduced synaptic effects, we applied the selective A 2A R antagonist ZM241385 (100 nM) 10 min before and during cocaine administration. As shown in Figure 1b , ZM241385 significantly reversed the effects of cocaine (94.36 ± 3.2% of basal, po0.05 vs cocaine alone). Notably, ZM241385 also reversed cocaine-induced increase in paired-pulse ratio (1.137 ± 0.023 and 1.161 ± 0.055, in basal condition and after cocaine, respectively, N ¼ 4, p40.05, paired Student's t-test). To confirm the involvement of A 2A Rs, we studied the synaptic effects of cocaine in corticostriatal slices from stA 2A RKO, where the A 2A R is selectively deleted in striatal neurons (Lazarus et al, 2011) . Cocaine-induced synaptic depression was significantly reduced in stA 2A RKO as compared with WT mice (91.39 ± 1.2% and 82.49 ± 2.1% of basal, respectively, po0.05, Figure 2a ). In addition, although ZM241385 reduced cocaine-induced synaptic depression in WT (94.98 ± 3.3% of basal, po0.01 vs cocaine alone), it had no effects on stA 2A RKO (90.03 ± 2.7% of basal p40.05 vs cocaine alone), confirming the involvement of striatal A 2A Rs in the synaptic effects of cocaine. (Figure 2b ).
Cocaine-Induced Synaptic Depression is Prevented by PTPs, but not by src-PTKs Inhibitors
As tyrosine phosphorylation signaling is involved in some of the synaptic effects of cocaine (Schumann et al, 2009) , we evaluated the effect of the src-PTKs inhibitor PP2 and of the PTP inhibitor sodium orthovanadate (Na 3 VO 4 ). We perfused slices with 10 mM PP2 or 1 mM Na 3 VO 4 10 min before and during cocaine application (Figure 3a) . Cocaine-induced synaptic depression was unaffected by PP2 1472 and anti-GluN2B antibodies of synaptosomes from WT and stA 2A RKO striatal slices treated as described in (a). The nitrocellulose was also probed with an anti-b-actin antibody to evaluate the amount of loaded proteins (lower panels). The immunoreactive bands were detected by chemiluminescence coupled to peroxidase activity (ECL). (f) Quantification by densitometric analysis of GluN2BpY 1472 band intensity relative to b-actin. The bar graph represents the means ± SEM of 5 and 3 independent experiments for WT and stA 2A RKO, respectively (***po0.001 vs control, the Kruskal-Wallis test). ZM ¼ ZM241385.
A 2A receptors modulate cocaine effects V Chiodi et al (79.14 ± 1.2% of basal, p40.05 vs cocaine alone, Figure 3b) , whereas it was reduced by Na 3 VO 4 (93.15 ± 3.06% of basal, po0.01 vs cocaine alone, Figure 3b ), suggesting that cocaine reduces synaptic transmission through activation of tyrosine phosphatases. Slice perfusion with 1 mM FK506, a calcineurin inhibitor, also significantly reduced cocaineinduced synaptic depression (92.64 ± 2.3% of basal, po0.01 vs cocaine, Figure 3b) , suggesting that the effect of cocaine on synaptic transmission was also controlled by calcineurin, a serine/threonine calcium-dependent phosphatase. These results confirm that the effects of cocaine involve the activation of protein phosphatases. Cocaine (10 mM for 10 min) upregulated total PTP activity in striatal synaptosomes (142 ± 10% of control, po0.001), and such an effect depended on A 2A R stimulation, as ZM241385 (100 nM) prevented it (Figure 4a ). Moreover, cocaine failed to stimulate PTP activity in slices from stA 2A RKO (Figure 4a ), confirming the involvement of striatal A 2A Rs in the effects of cocaine.
Cocaine Activates STEP Through the Involvement of A 2A R
STEP is highly enriched in the striatum and regulates AMPA receptor internalization (Zhang et al, 2008) . The two major isoforms, STEP 46 and STEP 61 , are revealed by western blot analysis in striatal slices, and cocaine (10 mM, 10 min) induced an increase in protein levels of both isoforms ( Figure 4b ). STEP 61 and STEP 46 were identified also in stA 2A RKO, but, in these mice, cocaine treatment did not change STEP protein levels ( Figure 4b ). These results indicate that A 2A Rs control cocaine-induced upregulation of STEP in the striatum. Next, we determined whether the phosphatase activity of STEP was changed by cocaine. As shown in Figure 4c , cocaine increased STEP activity (135 ± 8%, po0.01 vs control), an effect significantly decreased by ZM241385. As expected, Na 3 VO 4 blocked PTP activity (results not shown). Cocaine did not increase STEP activity in stA 2A RKO (Figure 4c ), strongly implying A 2A Rs in cocaine-induced modulation of STEP activity.
The Activity of STEP is Controlled by Calcineurin
In electrophysiology experiments, inhibiting calcineurin activity prevented cocaine-induced synaptic depression. We therefore studied the effect of FK506 on cocaine-induced STEP activation. Striatal slices were incubated for 2-3 h with 1 mM FK506 and then treated for 10 min with cocaine plus FK506. In this condition, not only did cocaine fail to increase STEP activity, but FK506 decreased STEP activity to below control values (po0.01 vs cocaine alone and po0.05 vs control, Figure 4d ). In addition, FK506 alone reduced STEP activity by about 50% (po0.05 vs control, Figure 4d ), suggesting that calcineurin not only mediates cocaine effects but also tonically controls STEP activity.
The STEP Substrate GluN2B is Dephosphorylated by Cocaine Treatment
Active STEP dephosphorylates tyrosine residues on its substrates causing their inactivation and, in the case of glutamate receptors, promoting their internalization from synaptosomal surface membranes (Zhang et al, 2008; Zhang et al, 2010 Zhang et al, , 2011 . Substrates of STEP include the GluN2B subunit of the NMDA receptor. In striatal slices treated with cocaine, the tyrosine phosphorylation of GluN2B subunit (Tyr 1472 ) was significantly downregulated (po0.001 vs control), an effect prevented by ZM241385 (Figure 4e and  f) . Noteworthy, cocaine did not inhibit GluN2B tyrosine phosphorylation in stA 2A RKO (Figure 4e and f), in line with its inability to induce STEP activation in the absence of A 2A Rs (Figure 4c) . Immunoblotting of GluN2B did not reveal protein level changes in the different experimental conditions (Figure 4e ).
STEP Modulates Cocaine-Induced Synaptic Depression
Having found that the synaptic effects of cocaine are dependent on PTP activation and that cocaine increases STEP activity, we investigated whether STEP was involved in cocaine-mediate synaptic depression. The substratetrapping mutant TAT-STEP (C300S) failed (up to 300 nM) to influence the reduction in FP induced by cocaine (data not shown). As this lack of effect could be due to a poor penetration of the peptide into the cells, we performed whole-cell voltage clamp experiments in MSNs to record excitatory synaptic transmission, and TAT-STEP (100 nM) was added to the intracellular solution of the patch pipette. In the striatum, the majority of cells (95%) are MSNs that exhibited negative resting membrane potentials and passive membrane properties similar to those previously reported (Cepeda et al, 2008) . Twenty-minute slice perfusion with cocaine (10 mM) caused an inhibition of AMPA-EPSC (83.67±1.3% of basal Figure 5a and a 1 ), in accordance with the results obtained with extracellular recordings. In the presence of TAT-STEP (100 nM) in the recording pipette, the effect of cocaine on AMPA-EPSC was significantly attenuated (95.66 ± 4.45% of basal, po0.05, Figure 5a and a 1 ). On the contrary, the control peptide TAT-myc did not change cocaine-induced reduction in AMPA-EPSC (77.8 ± 3.68% of basal, Figure 5a and a 1 , p40.05 vs cocaine, po0.05 vs cocaine þ TAT-STEP). Cocaine reduced NMDA-EPSC amplitude (77.66±2.02% of basal, Figure 5b and b 1 ), Figure 5 The effect of cocaine on excitatory synaptic transmission in MSNs is modulated by STEP and A 2A Rs. (a) A dosage of 10 mM cocaine reduced AMPA-EPSC (N ¼ 7) ; the effect of cocaine was reduced in the presence of the substrate trapping peptide TAT-STEP 100 nM in the recording pipette (N ¼ 10), while the addition of the control peptide TAT-myc (N ¼ 8) was ineffective. Each point represents the mean of three responses; insets show AMPA-EPSCs before and after cocaine application in control condition and in the presence of TAT-myc and TAT-STEP in the patch pipette. The horizontal bar indicates the period of cocaine application. Calibration bars: 50 ms, 50 pA. A 2A receptors modulate cocaine effects V Chiodi et al an effect significantly reduced by TAT-STEP (91.33 ± 2.02%, po0.05, Figure 5b and b 1 ), but not by the control peptide TAT-myc (82.25±2.11 of basal values, p40.05 vs cocaine, po0.05 vs cocaine þ TAT-STEP, Figure 5b and b 1 ) . Notably, although the overall effect was significant on average for both AMPA and NMDA currents, the addition of TAT-STEP completely abolished cocaine effect in about 50% of the neurons, whereas in the remaining cells cocaine effects were largely unaffected.
A 2A Rs Control Cocaine-Induced Reduction in NMDA-EPSC Having found that cocaine reduces the tyrosine phosphorylation state of the NMDA receptor subunit GluN2B (that can be related to NMDA receptor endocytosis) and that this effect is controlled by A 2A Rs, we explored the hypothesis that A 2A R activation is required for cocaine effects on NMDA currents. Ten-minute slice pretreatment with ZM241385 (100 nM) significantly reduced cocaine-induced decrease in NMDA-EPSC (cocaine alone: 77.66±2.02 of basal; cocaine þ ZM241385: 90.86±2.09 of basal; po0.05, Figure 5c and c 1 ). ZM241385 blocked the effect of cocaine in four out of the eight patched cells, whereas in the others it did not have effects.
DISCUSSION
The present results demonstrate the following: (i) cocaineinduced depression in excitatory synaptic transmission in the dorsal striatum is dependent on D2 receptors and requires the recruitment of striatal A 2A Rs; (ii) STEP is an important mediator of cocaine effects; and (iii) cocaine increased STEP activity through the involvement of striatal A 2A Rs.
The main effect of cocaine is through the blockade of transporter-mediated dopamine reuptake, leading to an increase in dopamine levels and stimulation of dopamine receptors. In agreement with other studies demonstrating that acute cocaine application in corticostriatal slices affects synaptic transmission through D2 receptors (Centonze et al, 2002; Wu et al, 2007; Tozzi et al, 2012) , we found that the effect of cocaine on synaptic transmission is prevented by D2 receptor blockade.
In line with previous studies concerning psychomotor and reinforcing effects of cocaine (Chen et al, 2000; Soria et al, 2006; Shen et al, 2008) , we found that cocaine-induced depression in synaptic transmission is significantly reduced when A 2A Rs are pharmacologically blocked or genetically knocked out. According with the results obtained in slices from stA 2A RKO, striatal A 2A Rs seem to have a major role in modulating cocaine effects.
A role for src family PTKs has been identified as mediating some of the effects of cocaine (Schumann et al, 2009; Pascoli et al, 2011) . We found that cocaine-induced reduction in FP was unaffected by the src family PTKs inhibitor PP2, whereas the non-specific PTP inhibitor Na 3 VO 4 prevented it. These data suggested the involvement of PTPs in cocaine-induced effects and, indeed, cocaine stimulates PTP activity in striatal synaptosomes. Interestingly, ZM241385 abolished cocaine-induced increase in PTP activity, whereas cocaine failed to increase PTP activity in synaptosomes from stA 2A RKO, strongly suggesting the involvement of A 2A Rs.
We identified STEP as an important mediator of cocaine effects in the striatum. STEP is a brain-specific tyrosine phosphatase that is upregulated and over active in several neuropsychiatric disorders Zhang et al, 2011; Carty et al, 2012 ; reviewed in Goebel-Goody et al 2012). Here we found that the effect of cocaine on AMPAand NMDA-EPSC was prevented by the blockade of STEP substrates by TAT-STEP. However, TAT-STEP completely abolished cocaine effects only in a subset of neurons. This finding was not unexpected considering the involvement of A 2A Rs in cocaine-induced increase of STEP activity and the fact that A 2A Rs are expressed in only a subpopulation of MSNs (those projecting to the external part of the globus pallidus) (Ferrè et al, 1997; Schiffmann et al, 2007) . Accordingly, the A 2A R antagonist prevented cocaine-induced reduction in NMDA-EPSC only in some neurons. Although in the present study we did not distinguish between the two neuronal populations, it is likely that the effect of TAT-STEP and of the A 2A R antagonist was observable only in neurons expressing A 2A Rs. Thus, our hypothesis is that, in those cells expressing A 2A Rs, cocaine causes the activation of A 2A Rs and STEP that contribute to its synaptic effect.
The finding that cocaine reduces excitatory synaptic transmission has been already reported in different brain areas (Nicola et al, 1996; Wu et al, 2007; Kombian et al, 2009) . In contrast with our findings, it has recently been reported that in the striatum cocaine induced excitatory synaptic depression only with the blockade of A 2A Rs, an effect mediated by A 2A R located on cholinergic interneurons (Tozzi et al, 2012) . Although the reasons of this discrepancy are not obvious, differences in the preparation and/or the recording conditions could have contributed to it. For instance, probably because of a different degree of basal synaptic activity, cocaine (10 mM) significantly depressed synaptic transmission in our study, whereas it did not in the other. Different effects of cocaine can induce different states of A 2A R activation and, probably, an altered pre-vs post-synaptic balance (Blum et al, 2003; Popoli et al, 2004; Tebano et al, 2004) , which is recognized as an important discriminating factor in the induction of opposite effects of A 2A R blockade toward psychostimulat-induced effects (Shen et al, 2008) . Under our experimental conditions, the occurrence of a permissive role of A 2A Rs on cocaine-induced synaptic effects is strongly supported by the fact that cocaine effects are reduced in the absence of striatal A 2A Rs. As in stA 2A KO mice, the deletion of the receptor occurs not only in MSNs but also in the cholinergic interneurons (see Lazarus et al, 2011) , we cannot rule out an involvement of these cells in A 2A R modulation of cocaine effects.
STEP mediates AMPA and NMDA receptor subunit endocytosis through tyrosine dephosphorylation of their subunits (Zhang et al, 2008; Zhang et al, 2010 Zhang et al, , 2011 Kurup et al, 2010) . In agreement with a recent study (Sun et al, 2013) , we found that cocaine reduced the phosphorylation level of the NMDAR subunit GluN2B, an effect prevented by ZM241385 and absent in stA 2A RKO. This finding suggests that cocaine influences synaptic transmission through STEP activation and the recruitment of A 2A Rs. As calcineurin is an activator of STEP (Paul et al, 2003) , the significant reduction in cocaine effects by the calcineurin inhibitor FK506 supports the involvement of STEP in the synaptic effects of cocaine. The model is further strengthened by the inhibitory effect of TAT-STEP on cocaine-induced depression of AMPA-and NMDA-EPSC. Importantly, we found that ZM241385 prevented cocaine-induced changes in paired-pulse ratio, suggesting that cocaine-induced presynaptic reduction in glutamate release involves A 2A Rs. Thus, we hypothesize that there is the involvement of presynaptic A 2A Rs in mediating the effects of cocaine, which modulate glutamate release, in concert with post-synaptic A 2A R-mediated activation of STEP. An important conclusion of this study is that a tonic activation of A 2A Rs is required to generate the increase in STEP activity as well as the synaptic depression induced by cocaine. It will be important to understand the mechanisms through which cocaine, A 2A Rs, and STEP interact, and, more importantly, how and to what extent these in vitro findings are relevant to cocaine use/abuse/addiction. Interestingly, a previous study demonstrated that striatal infusion of TAT-STEP prevents amphetamine-induced behavioral stereotypes (Tashev et al, 2009) , suggesting that the modulation of STEP activity could be relevant for the in vivo effects of other psychostimulants, including cocaine. Indeed, activation of STEP occurs during early withdrawal from long access cocaine self-administration, identifying STEP as a critical phosphatase that regulates tyrosine phosphorylation of substrates involved in drug addiction (Sun et al, 2013) . However, further studies using STEP knockout mice or STEP inhibitors will clarify the role of STEP in cocaine use and, more in general, in drug addiction.
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